The production process of the charged Higgs-boson associated with a W boson at electron-positron colliders is discussed in the two-Higgs-Doublet Model (2HDM) and in the Minimal Supersymmetric Standard Model (MSSM). The process is induced at one-loop level in these models. We examine how much the cross section can be enhanced by quark-and Higgs-loop effects. In the non-SUSY 2HDM, in addition to large top-bottom (t-b) loop effects for small tan β (≪ m t /m b ), the Higgs-loop diagrams can contribute to the cross section to some extent for moderate tan β values. For larger tan β (≫ m t /m b ), such enhancement by the Higgs non-decoupling effects is bounded by the requirement for validity of perturbation theory. In the MSSM with heavy super-partner particles, only the t-b loops enhance the cross section while Higgs-loop effects are very small.
Introduction
The Higgs sector has not yet been confirmed experimentally. In near future a neutral Higgs boson may be discovered at Tevatron II or LHC, by which the standard picture of particle physics may be completed. The exploration of additional Higgs bosons will be then very important in order to confirm extended Higgs sectors from the minimal Higgs sector in the Standard Model (SM). Actually various theoretical insights suggest such extensions; the supersymmetry (SUSY), extra CP-violating phases, a source of neutrino masses, a remedy for the strong CP problem and so on. Most of the extended Higgs models include charged and CP-odd Higgs bosons. Therefore discovery of a charged Higgs boson, H ± , or a CP-odd Higgs boson, A 0 will confirm extended versions of the Higgs sector directly. At LHC, search of these extra Higgs bosons is also one of the most important tasks. In addition, considerable precision measurement of high energy phenomena may be possible at future linear colliders (LC's) such as JLC, NLC and TESLA [1] .
In this paper, we discuss the charged-Higgs-boson production process associated with a W boson at LC's, e + e − → H ± W ∓ , in the two-Higgs-Doublet Model (2HDM) including the Minimal Supersymmetric Standard Model (MSSM) with super-heavy super-partner particles. By neglecting the electron mass the process disappears at tree level because of no tree H ± W ∓ V couplings (V = γ and Z 0 ) in these models. Since these couplings occur at one-loop level [2, 3, 4] , the process e + e − → H ± W ∓ is induced at this level. At LC's, one of the main processes for charged Higgs search is the H ± -pair production [5] , whose cross section may be large enough to be detected if H ± is much lighter than the threshold √ s/2. The process rapidly reduces for heavier H ± even if the mass is below the threshold. In this case e + e − → H ± W ∓ becomes important as a complementary process if its cross section can be large enough to be detected. Our question here is how much this loop-induced process can grow in the non-SUSY 2HDM as well as in the MSSM. Magnitude of the cross section for e + e − → H ± W ∓ directly shows dynamics of particles in the loop because there is no tree-level contribution. We here consider one-loop contributions of quarks, gauge bosons and Higgs bosons. In particular, the top-bottom (t-b) loop effects are expected to be sizable, because the Yukawa-coupling constants are proportional to quark masses so that the decoupling theorem by Appelquist and Carazzone [6] is not applied to this case. The naive power-counting argument shows that quadratic quark-mass terms appear in the amplitude with a longitudinally polarized W boson. Therefore the t-b loops can greatly contribute to the cross section depending on tan β. In the non-SUSY 2HDM, the Higgs-loop contributions can also be large when the Higgs self-coupling constants are proportional to the Higgs boson masses. Effects of the heavy Higgs bosons in the loop then do not decouple in the large mass limit. Instead, the quadratic mass terms of these Higgs bosons can appear in the amplitude [4, 7, 8] , so that larger Higgs-loop effects are expected for heavier Higgs bosons in the loop. In contrast, if masses of the extra Higgs bosons are determined mainly by an independent scale of the vacuum expectation value (∼ 246 GeV), the Higgs-loop contributions tend to decouple for large extra-Higgs-boson masses. The MSSM Higgs sector corresponds to this case, so its loop-effects cannot be so large. The main purpose of this paper is to confirm above discussion analytically and numerically and to see the possible enhancement of the cross section by these non-decoupling effects under the requirement for validity of perturbation theory [9, 10, 11, 7] . The information from available experimental data such as the ρ parameter constraint [12] and the b → sγ results [13, 14] are also taken into account. We find that the cross section can be quite large for small tan β (≪ m t /m b ) by the t-b loop effects. In addition, in the non-SUSY 2HDM, the cross section can grow to some extent by the Higgs non-decoupling effects for moderate values of tan β. For larger tan β (≫ m t /m b ) such enhancement by the Higgs-loop effects is strongly bounded by the condition for the perturbation, and the cross section becomes smaller.
In Sec 2, the 2HDM is reviewed briefly to fix our notation. The calculation of the cross section is explained in Sec 3. After some analytic discussion on the amplitude in Sec 4, we present our numerical results in Sec 5. Conclusion is given in Sec 6. Details of the analytic results of the calculation are shown in Appendix.
The 2HDM
The 2HDM with a softly-broken discrete symmetry under the transformation Φ 1 → Φ 1 , Φ 2 → −Φ 2 is assumed. The Higgs sector is given by
As for the Yukawa interaction, two kinds of couplings are possible in our model: we call them Model I and Model II according to Ref. [15] . The Yukawa interaction with respect to the charged-Higgs boson is expressed by
where
or
Here Model II corresponds to the MSSM Yukawa-interaction.
3 The calculation for e
, where τ = ±1 and λ = 0, ±1 are helicities of the electron and the W + boson; k and k are incoming momenta of the electron and the positron, while p and p are outgoing momenta of H − and W + ,
respectively. The helicity amplitude may be written by
where the form factors F i,τ (s, t) include all the dynamics that depends on the model. The kinematical factors are expressed by
where j µ (k, k, τ ) is the electron current and ǫ β (p, λ) * is the polarization vector of the W
boson. The basis tensors T µβ i
are defined by
where Table 1 , the explicit expressions for each K i,τ in the center-of-mass frame are listed by using β HW and the scattering angle Θ
where s and t are the Mandelstam variables ( s = (k+k)
The total cross section is calculated according to the formula
where t max and t min are defined by In calculation, the form factors F i,τ (s, t) may be decomposed according to each type of Feynman diagrams ( Fig. 1) as
where F V i,τ (V = γ and Z) are the contribution from the one-loop induced HW V vertices ( Fig. 1(a) ). These HW V vertices are defined as igm W V HW V µν (Fig. 2) , in which V µν may be expressed by [2, 4] 
where p H is the incoming momentum of H − , and p V (V = Z or γ) and p W are outgoing momenta of V and W bosons, respectively. The form factor F V i,τ (s) are then expressed by
where m V is mass of the neutral gauge bosons (m Z and m γ (= 0)), and C V are defined by C γ = eQ e and
, where Q e = −1, and T ( Fig. 1(c) ). We also show the explicit results for F Although the amplitude is finite already, by making the renormalization for the W H and wH two point functions the finite counterterm, δF i,τ , is introduced to this process [18, 19] 2 . By rewriting the fields w ± and H ± with shifting β → β − δβ by
the relevant counterterms are extracted from the kinematic terms of the Higgs sector as
For the W H mixing we take the renormalization condition
we then obtain
so that the counterterms for not only the W H mixing but also the HW V vertices are obtained by using Eq. (26) . Next, (25) also produces the wH mixing (w: the charged Goldstone boson). We fix the counterterm so as to satisfy the renormalization condition [19] Re Π reno.
The finite counterterms for the form factors, δF i,τ in Eq. (20), are then obtained as we show in Appendix A.5.
Non-decoupling mass effects
Here we present some analytic discussion on the amplitudes to find cases in which the cross section becomes large for a given √ s in the non-SUSY 2HDM. Let us consider the quark-loop contributions to the amplitudes first. They do not decouple in the heavy quark limit because the decoupling theorem [6] does not work for the Yukawa interactions in which the couplings are proportional to the squared masses. Hence larger one-loop effects take place for heavier quark masses tan β is just replaced by cot β in the coefficient above, hence this change does not affect on above discussion. Therefore in both Model I and II, we expect to have sizable cross sections for small tan β values.
Next we discuss the Higgs-loop contributions. The non-decoupling effects of the heavy Higgs bosons appear only when the Higgs sector has a special property: the Higgs mass 3 We here call them as the non-decoupling effects. 4 The tbH squared are expressed like ∼ λ i v 2 , where λ i is a combination of the Higgs self-coupling constants. This corresponds to M ≪ v in our notation [4, 7] , where M is the scale of the soft breaking of the discrete symmetry. In this case, similarly to the Yukawa interaction, the terms of O(m 
In order to see the leading non-decoupling effects (the quadratic-mass terms in the large mass limit for particles in the loop) analytically, let us consider the amplitude with a longitudinally polarized W boson in one limiting case. They are extracted from the full expression of the amplitude by taking masses of h 0 , H 0 and A 0 much larger than m W and
where H 0 i represents h 0 H 0 and A 0 , and
From the expression (30), we expect that the amplitude can become large by the nondecoupling effects of the heavy Higgs bosons as well as those of the top-quark. The Higgs effects grow for the large or small tan β: see (31)-(33).
The non-SUSY 2HDM receives rather strong theoretical constraints. First from the requirement for validity of perturbation theory, all the Higgs-self coupling and Yukawa coupling constants should not be so large [9, 10, 11] . We here set a rather conservative criterion corresponding to Ref. [7] : that is, for the Yukawa couplings
and for the Higgs self-coupling constants
These conditions give constraints on the combinations among masses, mixing angles and the soft-breaking mass. For example, from the condition for λ 1 , we obtain by using (2) (m
for the case of α = β − π/2 and m
This means that it is difficult to take large m H 0 and large tan β simultaneously with M 2 ∼ 0. We include all these constraints in our numerical analysis. Finally the 2HDM is constrained from the precision experimental data [12] , especially those for the ρ parameter: the additional contribution of the 2HDM Higgs sector should be small. We here employ the same condition as in Ref. [7] ; ∆ρ 2HDM = −0.0020 − 0.00049 [15] . Also, recent study for the b → sγ results [13] gives the constraint on the charged Higgs boson mass (m H ± > ∼ 160 GeV) [14] . By taking into account all the theoretical and experimental constraints above, the best choice for the maximal Higgs contributions to the cross section is to take the case B) and then to choose m A 0 and tan β as large as possible under the conditions (34) and (35).
Numerical Evaluation
We here show our numerical results. According to the above analytic discussion, the 7 free parameters of the Higgs sector in the non-SUSY 2HDM (m (32) ). If we choose α = β (or α = π/2), then such enhancement takes place for small tan β (L(α, β) ∼ 1) . Any other choice of α leads to smaller cross sections. As for the quark loops, although we here adopt Model II for the Yukawa couplings in actual calculation in the 2HDM, it is clear that there is no difference between Model I and II for the cross section except for the large tan β regime. If we assume the MSSM Higgs sector, there are two free parameters m H ± and tan β, and all the other parameters are related to these two parameters [15] . As for the quark masses we here fix them as m t = 175 GeV and m b = 5 GeV.
To begin with, we show the total cross section for m H ± = 200 GeV at √ s = 500 GeV as a function of tan β (Fig. 3) . The region of tan β is 0.28 < tan β < 123 taking into account the condition (34) 8 , while we switch off the condition (35) in Fig. 3 (and in (35) and also under the experimental constraints mentioned before, we obtain upper bounds of the cross section in the non-SUSY 2HDM for each value of m H ± and tan β. The situation is described in Fig. 5 . The dotted curve represents the cross section with M = 0 at √ s = 500 GeV for m H ± = 200 GeV at α = β − π/2, and all the other free parameters in the Higgs sector are chosen in order to obtain maximum Higgs non-decoupling effects under all the conditions 9 . For tan β > ∼ 5.9, the condition (36) obtained from (35) cannot be satisfied any more if we keep M = 0: larger value of tan β is allowed only by introducing nonzero soft-breaking mass M. This leads to the smaller cross section because the non-decoupling property of the Higgs sector is weakened by non-zero M: see the discussion in Sec. 4. Therefore the upper bounds are obtained as the solid curve. The cross section rapidly reduces for tan β > ∼ 5.9. Although the quarkloop contributions (the bottom mass effects) enhance the cross section for tan β > ∼ 40, the magnitude is still much less than that for small tan β.
In Fig. 6 we show such general bounds of the cross section as a function of tan β at √ s = 500 GeV for m H ± = 160, 200, 240, 280, 320 and 360 GeV. All the other free parameters are chosen as the same way in Fig. 5 . Each peak of the cross section in the moderate tan β value is the point where the largest Higgs non-decoupling effects with M = 0 appear.
Discussion and Conclusion
We have discussed the H ± production process via e + e − → H ± W ∓ in the non-SUSY 2HDM as well as in the MSSM. In the non-SUSY 2HDM, the large cross section is possible for small tan β by the t-b loop contributions (quadratic top-mass effects). At tan β = 0.3, for m H ± = 200 GeV, the cross section can be as large as 8 fb at √ s = 500 GeV and maximally it reaches to over 40 fb at √ s ∼ 390 GeV. For larger tan β, these top-mass effects decrease until tan β ∼ m t /m b = 35. In Model II, the quadratic bottom-mass effects enhance the cross section for tan β > ∼ m t /m b , but the magnitude is not so large: at √ s = 500 GeV it is at most a few times 10 −2 fb even for tan β ∼ 100. If Model I is assumed, this small enhancement for tan β > m t /m b disappears, but all the results for smaller tan β are almost same as those in Model II. In addition to the quark-loop effects, the Higgs non-decoupling effects contribute to the cross section by a few times 0.1 fb for moderate values of tan β. Such Higgs effects are strongly bounded for larger tan β ( > ∼ m t /m b ) by the requirement for validity of perturbation theory.
In the MSSM with heavy super-partner particles, the Higgs-loop effects are very small and only the t-b loops contribute to the cross section. For m H ± = 200 GeV, the cross section at tan β = 2 amounts to a few times 0.1 fb at √ s = 500 GeV, and maximally it reaches to over 1 fb at √ s ∼ 390 GeV. The cross section rapidly reduces for larger tan β.
We here have not discussed the one-loop contributions of the super-partner particles in the MSSM explicitly, which will be discussed in our future paper. We give some comments on our analysis. First, our results have been tested in the high-energy limit by using the equivalence theorem [25] at one-loop level [26] . We evaluated e − e + → H − w + (w + : the charged Goldstone boson) and confirmed that the cross section was coincident with our prediction for the H − W + L production in the high-energy limit. Second, although the process is one-loop induced and so the ultraviolet divergences have canceled among the diagrams, we have include the finite renormalization effects of the W H mixing and the wH mixing by putting the renormalization conditions on the mass shell of H ± . The effects have turned out to give a few % (at most about 5%) of corrections to the one-loop-induced cross sections in which the finite renormalization effects (δF i,τ ) are not included. Finally we comment on detectability of the signal events for the case of m H ± > m t +m b . The H ± decays into a tb pair and the signal process is
The main background process may be e + e − → tt → tbW − +tbW + . The cross section of e + e − → tt amounts to about 0.57 pb for √ s = 500 GeV: the signal/background ratio is at most around 1 %. It may be, however, expected that the signal can be comfortably seen if the signal cross section is 10fb, by attaining a background reduction in Ref. [27] by the following method: 1) cut around reconstructed bW masses which can come from bW decay at 175GeV, 2) find a peak in reconstructed m H ± and 3) confirm the presence of H ± according to the method in Ref. [28] . For smaller signal cross sections of the order of 0.1fb, details of the background analysis are needed to see the detectability.
Note added:
After this work was finished, another paper (Ref. [29] ) appeared in which the same subject was studied.
A Analytic results
In the formulas here, we use the integral functions introduced by Passarino and Vertman [30] . The notation for the tensor coefficients here is based on Ref. [16] . We here write
The exression is in the 't Hooft-Feynman gauge. Also J(α, β), K(α, β) and L(α, β) in Eqs. (31) -(33) are written as J αβ , K αβ and L αβ , and we also writẽ
respectively, for brevity. The momentum squared of the H + is set on mass-shell,
A.1 Form factors of the H
We write each contribution to the unrenormalized
7(b) and 7(c). X HW V (a) is the contribution of triangle-type diagrams ( Fig. 7(a) ), X
HW V (b)
represents that from the two-point function correction shown in Fig. 7(b) , and X
HW V (c)
is tadpole contribution as well as some two-point function corrections written only by the A function (Fig. 7(c)) .
The contribution of triangle-type diagrams to F HW Z is calculated as
The contribution of the diagrams expressed in terms of the B i functions is given by
The diagrams relevant to the A-function is expressed by
whereΠ B Hw , T 1 and T 2 are given in (57), (58) and (55). The contribution of the triangle type diagrams to G HW Z and H HW Z are given by
There is no contribution from the other diagrams to G HW Z and H HW Z ;
By making the similar decomposition to the HW Z vertex, we obtain contributions of the H + W − γ vertex to each form factor. 
